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PREFACE

The purpose of this report is to present the results of the Saturn IB separation
control analysis for the revised 200,000 1b tarust H-l engine and to update the
previous separation report (reference 1) using the latest aerodynamic parameters.
The effects of a 50 and 100 per cent dispersion in the aerodynamic parameters are
included, as requested in Item L,L4 of the action items of the S-IVB Vehicle
Dynamics and Control Working Group Meeting reported in MSFC Technical Direction

No, I=V=S-IVB=-TD-64-12 dated March 17, 1964 (reference 2)., -

This report is provided to partially fulfill the requirements of Contract Number
NAS=T-101 as noted in Douglas Aircraft Company Report SM=41L10; Data Submittal

Document Saturn S-IVB System, Item 3.8, dated March 1962,



ABSTRACT

This report, using the latest aerodynamic, engine, and stage sequencing date
available, investigates the controllability of the Saturn S~-IVB/IB stage during
separation from the S~IB stage. Post separation attitude transients and engine
deflection transients are presented for a nominal condition using parameters
which are slightly higher than the 90 per cent confidence level, 3 o values
obtained from Saturn S-I flight data, Changes in these transient responses are
presented for individual and combined dispersions of these parsmeters. The
results indicate the control of the S-IVB stage can be maintained under nominal
conditions and the system is stable., Maximum attitudes are produced by dis-
persions in the aerodynamic pressure. A, 100 per cent dispersion in this
parameter produced a 30° attitude excursion. Attitude excursions of 50° and
96° are obtained when this case is combined with the minimum gueranteed thrust
rise curve or a positive 2 degree thrust misalignment, respectively. Further
analyses to establish probabilities for these worse case excursions are required
to determine a limit for the attitude rate which can be used in the emergency

detection system,
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1.

2.

INTRODUCTION

Saturn IB/S-1IVB stage separation is possibly the most critical part of S-IVB
stage flight. As a result of the recent uprating of the H-1l engine's thrust
from 188,000 pounds to 200,000 pounds, and newer aerodynamic data, the previous

separation report (reference 1) can no longer be used as an accurate reference.

It is the primary purpose of this report to discuss the results of the con-
trollability analysis made for the Saturn IB configuration using the latest
data for thrust buildup curves, aerodynamic coefficients, dynamic pressure,
ullage engine configuration, and separation sequencing., The main body of the
results are based on "nominal" parameter values which result in small attitude
excursions, However, in order to completely cover the range of separation
problems some of the more significant parameters such as thrust build up were
investigated over a three sigma range. In order to investigate the required
aerodynamic dispersions of fifty per cent and one hundred per cent required

by reference 2; the dynamic pressure wvas found to be the most suitable parameter

to vary.

ANALYSIS METHOD AND PARAMETERS

The major part of this analysis was made by digital simulation of the S~IVB
configuration, The dynamic equations used in the simulation include rigid body
dynamics only. The autopilot included an attitude and rate of change of atti-
tude feedback. The hydraulic system vas approximately by a first order servo
with rate and position limits. No sloshing effects were included in the rigid
body equations. An analog simulation of the identical problem was made to

check the results,



The latest available parameter values were used for the updated Saturn IB
configuration. Figure 1 is the block diagram which was used for the analysis,
Figure 2 is a dra&ing of the second stage configuration which includes the S-IVB
stage, the LEM, and the Service Module, Figure 3 shows the latest J-2 Engine
thrust time history taken from reference 3, Also included in figure 3 is the
minimum thrust build up curve guaranteed by Rocketdyne/NAA under contract to
NASA (reference 4). The ullage motor thrust time history shown in figure 4

was taken from reference 5. Figures 5 and 6 are plots of the Normal Force
Coefficient and Length of Aerodynamic Lever Arm Versus Angle of Attack, .

respectively.

Tables 1 through 3 represent the remainder of the pertinent variable data used.
Table 1 gives the Saturn IB/S-IVB Separation sequencing (reference 6). The
engine start time (begin J-2 Chilldown) was based on obtaining a sufficient
clearance between the end of the engine bell and the aft interstage of the

Saturn IB,

Table 2 is a list of the dynamic pressure (q) versus time, This table was
referenced to the nominal value of 65.5 kg/m2 for q at separation that was

given in reference 5.

Table 3 represents the range of initial conditions for the initial attitude
angle (6;), attitude rate (00), and the initial angle of attack (ao). The
nominal values in this table have been chosen as the 3 sigma values to be used
in S-IVB/IB separation studies, The snalysis was extended by parameterizing
these conditions in order to give & more complete picture of the separation.
The Appendix presents a statistical analysis of initial conditions experiencéd
on the S-IV stege at separation for Saturn I flights, and an extrapolation of

this data to the S-IVB/IB stage. This analysis shows that the nominal 3 sigma

values used in this study for qg‘and éo are slightly conservative,



3.

Also included in Table 3 is a list of the nominal values used for the engine
gimbal angle limit, the engine gimbal rate limit (reference 7), and the assumed
thrust misalignment error, The thrust misalignment error includes the errors
due to thrust vector misalignment, missile center of gravity offset, thrust

offset, and gimbal offset,

RESULTS

The separation transient response data given in figures T through 17 reflect

variations in dynamic pressure, thrust buildup characteristics, ullage motor

conditions, thrust vector misalignment, and initial attitude conditions, Two
types of results are given, actual transient response, and response trend

summaries., The nominal initial conditions are indicated in Table 3,

Figure 7 shows attitude excursion versus time from separation for the "nominal
case, This response is compared to a separation transient using the same
initial conditions, but with one ullage engine out. The particular ullage motor
out is positioned so that a maximum disturbing moment is produced by the re-
maining motors thereby resulting in an attitude excursion of 2.8 degrees greater
than the nominal‘case. The engine deflection for this attitude excursion is

shown in figure 8.

The effect of dynamic pressure on maximum attitude excursion at separation has
been plotted in figure 9. 1Initial attitude rates of one degree per second and
zero degrees per second were used. The upper curve, which resulted from the
higher attitude rate, shows considerably larger attitude excursions and is more
sensitive to a change in initial dynemic pressure than the lower cufve. As much

as 30 degrees of attitude angle is obtained for a dynamic pressure of twice the



"nominal" value., Although this is a large attitude excursion, the probability
that these initial conditions will occur, based on the statistical study in

the Appendix, is small,

Figure 10 shows the effect of the separation sequencing on maximum attitude
excursion, The thrust buildup curve of figure 3 was used, and the time from
separation to engine start was parameterized., It is seen that with nominal
dynamic pressure, sequencing changes have almost no effect on attitude excursion.
However, the attitude excursion is quite sensitive to coast time for cases which

have one hundred per cent excursion on dynamic pressure,

Figure 11 shows attitude excursion versus initial angle of attack for three sets

of initial conditions.

Figure 12 is comparable to figure 1l except the maximum attitude excursion is
plotted versus initial attitude pitch rate for an initial attitude angle of

1l degree and a parameterized angle of attack.

Figure 13 represents the effects of changing gimbal limits on attitude excursion
and on total controllability and for three values of engine gimbal limit rate

(5 =5, 10, and 15 degrees/sec.)

Because the thrust builde-up curve has a very significant effect on the attitude
excursion experienced during separation, it is necessary to investigate the
effects of both of the minimum three sigma and minimum guaranteed thrust build-
up curves shown in figure 3. Figure 1b shows the resulting transient response
using three different thrust buildup histories. As much as 4 degrees of added
attitude excursion results from using the worst case thrust buildup compared

to the nominal thrust buildup.




Figure 15 is similar to figure 1L, except that one hundred per cent dispersion
on dynamic pressure was used for figure 15. While the vehicle remains stable
(transient responses rapidly converge) it is evident that the attitude excursion
increases as the dynamic pressure increases, It should be noted that an atti-
tude excursion of 50 degrees occurs for the absolute worst case. This worst
cagse consists of a one hundred per cent dispersion on the aerodynamic pressure
and minimum guaranteed thrust buildup time history. The gimbal history for

the minimum case is shown in figure 16,

Figure 17 is a summary plot of attitude excursion versus initial dynamic pres-

sure for the three different thrust buildup curves,

Figures 18 and 19 show the effect of steady state attitude control errors on

the separation transients due to a 2 degree thrust misalignment resulting from

an unsymmetrical thrust and a ¢ g offset, Figure 18 shows the resulting tran-
sient response caused by both positive (thrust misalignment moment which acts

in the same direction as the aerodynamic moment) and negative misalignment errors
for the nominal case, These thrust misalignment errors were simulated by

equating the engine error to an equivalent moment of the variable thrust times

the variable control lever arm.

The positive thrust misalignment which gives an increase in the destabilizing

moment causes a slight increase in the initial attitude excursion but converges

slightly faster for the nominal case seen in figure 18,

A positive thrust misalignment error of 2 degrees causes an atiitude excursion

of about 96° for nominal conditions except for a one hundred per cent dispersion

on the aerodynamic pressure. See figure 19. While the probability of these



conditions occurring simultaneously is extremely low, the results must not

be neglected,

It is obvious that attitude rates of greater than 9 degrees per second are
experienced for extreme disturbance cases such as seen in figure 19. Also,
this rate is slightly exceeded for nominel conditions except for one hundred
per cent dispersion of dynamic pressure. This results in a serious problem
due to the fact that attitude rates of 6 degrees per second may trigger an
emergency abort, (Emergency Detection System -~ EDS) as outlined in MSFC

Ground Rules Document I-CO=VB-L=230,

CONCLUSIONS AND RECOMMENDATIONS

4,1 Conclusions

a., Separation controllability of the Saturn IB/IVB Stage is acceptable
(15 deg 6 taken from figure 14) when considering the initial conditions
of 6 =1 deg; 0= 1 deg/sec; @ = 4°; "Slow" 3 o thrust rise; nominal
dynamic pressure and aerodynamic normal force coefficient; and no
thrust misalignment., Attitude excursions greater than L5 degrees are

unacceptable for the present guidance platform.

bs The separation attitude excursion using the above conditions but with
twice the nominal dynamic pressure or aerodynamic normal force and the
minimal guaranteed thrust rise characteristic is unacceptable (51

deg 6) with the present platform (See figure 15).

¢+ The separation attitude excursion using the nominal conditions in
Table 1, but with twice the nominal dynamic pressure or aerodynamic
normal force coefficient and 2° thrust misalignment is also unacceptable
(96 deg 6) with the present platform (See figure 19).



L,2

d.

The probability that the "nominal" initiel conditions for the attitude

rate and angle will occur is unlikely.

Small deviations (from 1.25 seconds to 1.84 seconds) in the time from
separation at which the engine start signal is initiated causes less
than 2 degrees of additional deviation in the attitude excursion (See

figure 10) for a system experiencing "nominal" initial conditions.

Recommendations

a,

b.

For a simultaneous application of several 3 sigma disturbances and
variations, unacceptable attitude deviations are experienced. Addi=-
tional analyses should be conducted to establish probabilities to
these excursions and recommend design changes if necessary (See

figure 19).

Further analysis will be required to determine a value for the attitude

rate to be used as part of the emergency detection system.
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TABLE 1

S~IB/S-1VB SEPARATION SEQUENCE

Cutoff inboard engines

Cutoff outboard engines

Ignite ullage motors

Initiate separation cutting and retro motors
Cutting complete

Retromotor thrust buildup begins

S=IVB roll control system activated

Begin J-2 chilldown (engine start signal)

J=2 Thrust Buildup Begins (Initiate engine
gimballing)

J-2 engine at 90% thrust



TABLE 2

DYNAMIC PRESSURE VERSUS TIME FROM IGNITION

TIME DYNAMIC PRESSURE
| Seconds 1b/£t2 Kg/m>
;
) -6 23.8 114,0
-2 16.55 79.5
0 13,7 65.6
2 10.6 51.0
4 8.15 39.1
6 6.20 29.8
8 L, 75 22,8
18 1.20 5477

25 0 0




TABLE 3

RANGE OF INITIAL CONDITIONS

Initial Dynamic Pressure, Q, 65.6 Kg/m? to 131.2 Kg/m?

Initial Angle of Attack ar -1° to +k4°
*Initial Attitude Angle, 00 «1° to +1°
#Initial Attitude Rate éo -1°/sec to +1°/sec

Thrust Vector Misalignment (00) -2° to +2°

Time of Zero Dynamic Pressure

Nominal Engine Parameters
Engine Gimbal Angle Limit eLim = T°

Engine Gimbal Rate Limit éLim = 8°/sec

NOMINAL
VALUE

65.6
+4°

+1°
+1°/sec
0°

25 sec

#Note: See appendix for discussion of initial values of £ and é using the

previous Block 1, Saturn 1 flights to determine statistical values

for 6 and 6 .
o o

n



12

+
8y lhvm

S

Wy

FIGURE 1

¢ [L1 ..~

LIWMe  LiIWg

|
+

SISNOLSIY LNIISNVYL NOILYYVYd3S
139 01 @35N WILSAS FHL 40 NOILVLN3SIHdIY Wy¥IVIA %2078




S

SATURN 1B SECOND STAGE CONFIGURATION

- STA. 2100

— STA. 2345

~133,

o s

~- STA. 2049

o ® ~——— CENTER OF PRESSURE
S STA. 1987

~=——— STA. 1697

mo'l

ULLAGE ~=—(.G., STA. 1379

MOTORS

®

s \
'R\
4 ~=—— SEPARATION PLANE
STA. 1187

—~— GIMBAL

STA. 1087

~ J-2 ENGINE

FIGURE 2

13



oy

0¢

SANOJ3S — LHVLS INIONT WOYd INIL

JILSI¥3LOVEVHO
IS1Y LSNYHL
Q331NviHVND
WNNNININ

_

/
/

/

4(:59:\

/

/

S1INT o ¢

ov

08

0ct

091

00¢

AYOLSIH JWIL dNATING LSNYHL INIONT ¢-f 031010344

0ve

(¢01 X $87) LSNYHL

FIGURE 3

14



(93S) NOLLINDI KOY4 JWIL - 3
3 s b ¢ Z I 0

008

0091

oove

f=
K
o

_

AYOLSIH JWIL LSNYHL HOLOW 39VTIN

(S87) LSNYHL YOLONW 39VT1TIN

FIGURE 4

15




06

08

0L

(S33Y¥930) © ‘MIVLLY 40 379NV
09 0% oy 0¢ 0

WOVLLY 40 37ONV "SA IN3I0144300 33404 TVINEON

N9 ‘ IN312144300 30404 TYWYON

16

FIGURE 5




06

08

(S334930) ¥OvLLY 40 3T9NY ©
0L 09 0% 114 0t 0¢ 01 0

91

< 2

124

MOVLLY 40 319NV "SA WYV 43A31 JINYNAQOYIY 40 HLONIT

# NOILVLS (SHILIN) WV ¥3AT JINYNAGOHIY 40 HIONTT 7

FIGURE 6

17



144

(SAN0D3$)
81 91 bl 4 0l 8 9 4

o

| ThiKoN

\
1N0 YOLOW /,
397N INO ——

1

1N0 YOLOW 39vV11N INO LNOHLIM ONV HLIM
3SVD TTYNINON 404 NOILYYY 43S WOH4 IWIL SNSYIA FTINY JANLILLY

91

/4

(S33¥930) 319NV IANLILLY - 6

FIGURE 7

18



91

bl

NENR
‘L 01 8 9 b

LIMT 319NV TVOINVHOIN — ~ !I/ll\

3SVD IYNIWON 404 AYOLSIH TYENID INIONT

(§334930) 379NV TVANID INIONT - ¢

19




0 - MAXIMUM ATTITUDE EXCURSION (DEGREES)

MAXIMUM ATTITUDE EXCURSION VERSUS INITIAL DYNAMIC PRESSURE
FOR NOMINAL CASE AND FOR REDUCED INITIAL ATTITUDE RATE

10

60

50

40

\V 4

30 —
NOMINAL Qg = 10/35cﬂ /D

L

10 :
Ao = 0°/SEC

T

0 2 40 60 80 100 120
o~ INITIAL DYNAMIC PRESSURE (Kg/in?)

140

FIGURE 9
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APPENDIX

STATISTICAL ANALYSIS OF THE SATURN IB/S-IVB STAGE SEPARATION
ON THE INITIAL CONDITIONS FOR PITCH ANGLE AND PITCH RATE

INTRODUCTION

This appendix has been written in order to compare the range of final first stage
conditions which occurred on the first five Saturn I flights with the initial S-IVB
conditions used in this report. The actual initial conditions were transformed into
statistical deviations which are a function of statistical confidence limits., It is
realized that the Saturn I may result in different conditions of separation due to
its lower thrust capability (the H-l engines will be uprated from 188K to 200K
pounds of thrust for the Saturn IB flights) different inertia, and different aero-

dynamic characteristics., Consequently, a method was developed to extrapolate Saturn

I data to Saturn IB.

The method of analysis consisted of using the final conditions from the first five
Saturn I flights. Using these values a statistical confidence interval of 90 per
cent was chosen arbitrarily for determining the three sigma interval for final con-
ditions of the Saturn IB first stage, (equivalent to the initial conditions for
initial attitude angle eo and initial attitude rate éo of the S-IVB second stage).
It should be noted that several assumptions were made in order to carry out this

analysis. These assumptions include the following:

as The pitch and yaw axes of the vehicle are symmetrical thereby making it
possible to increase the sample size from five to ten by including both

the pitch and yaw values.

be The values were assumed to be distributed such that the actual mean value

for 6 and éo was zero.

¢+ A confidence interval of 90 per cent was chosen because the sample size

of 10 was considered to be very small,
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PROCEDURE AND CALCULATIONS

The following ten samples are given for both 65 and éo vhere the pitch and yaw

samples are orthogonal and therefore considered independent,

l( oo),) (6)

(Sample No,) (Deg. (Deg/Sec)

1 0.08 0.01

2 0.06 0.03

3 0.03 0.21

L 0.05 0.29

5 0.07 0.09

6 0.20 0.05

T 0,05 0.0b

8 0.09 0.10

9 0.11 0.10

10 0.U5 0.09
The preceding samples were taken from the flight evaluation results given
refarence 8 where polarity wes not specified, As discussed sbove, it was

that the means of 00 and éo were both zero,

Using the equations found in reference 9 for determining the actual range

variance corresponding to a given confidence limit we have:

2
2 ns 2 _ P
P 3 Xp' < ‘-‘—0_2 < XP" } - l - 100

or

for the
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where:
S - Standard deviation for the sample
O - Statistical standard deviation
n - Sample size
P - Level of significance

X~ = Chi Squared Distribution

and
p' =100 - 1/2p
pn =l/2p
and
21 /i = 2
8= n i (X-XL)
! L=1
where

’ X = mean value of samples

X; = individual samples

Ee)

First looking at 0 we have

ZJXL _

n

| S =\£§—;;E;—:—;;;2 =/ 9:§§§2 =,/0.02835 = 0,168

For 90 per cent confidence p = 10

X =

0

then

100 = (1/2)p = 100 = 5 = 95

<)
"

”"

(1/2)p = 5

-]
i

33



Using the tableg for Chi Square Distribution

Xp'2 = 3,940 or X, = 1.99

P Sg N1 SG'Jh we are primarily interested in the
< o< . . .
X_n X_ meximum limit.
P P
therefore
5g An
T< = 0,268
Xp,

or

3, % 0.804 degrees for 0

Using similar methods of calculations and a 90 per cent confidence interval the

following results were obtained for éo'

ié = 0 degrees/sec (Assumption No. 2)
Sé = 0,130 degrees/sec
ﬂé = 0,208 degrees

The three sigma value for the initial pitch rate is 0,624 degrees/second with

90 per cent confidence.

From the results of these calculations, for a 90 per cent confidence interval, it
is seen that on the Saturn I-S-IV stage the three sigma value for the initial
attitude angle (eo) was 0,80L4 degrees and the three sigma value for the initial
pitch rate (éo) also for 90 per cent confidence was 0,624 degrees per second. In

other words there is only a ten per cent chance of a value falling outside the
confidence interval or a five per cent change of a value falling outside the maximum

side of the interval,




It should also be pointed out that because the assumption of lumping both the
pitch and yaw values together was made; both the pitch and yaw axis will experience
the same initial condition of the above determined values. The major reason for
attacking the problem in this manner is due to the extreme sensitivity on the

confidence interval for different sample sizes,

In order to show some correlation hetween the end conditions of the first five
Saturn I flights and the forthcoming Saturn IB flights, the accelerations caused

by serodynamic moments and unsymmetrical thrust decay were compared.
A comparison of Saturn I and Saturn IB aerodynamic accelerations is:

Saturn 1B

qC -
——z&l-cz-= 0.,12 x 10 2 rad/secelrad

I
%= 6.2h x 1072/ Pt-sec®
Saturn T
ac, 1/ -
—2EER = 0,226 x 10 2 rad/Secz/rad
I

%-= 8.37 x lO’z/ft--sec2

As a result of the lower T/I ratio for the Saturn IB, unsymmetrical thrust tail-
off will produce lower vehicle accelerations and thus lower attitude errors and
attitude rates at separation than on Saturn I (reference 10.) The lower acceler-
ation due to aerodynamic force for the Saturn IB vehicle will also result in lower
attitude disturbances at separation from winds or angle of attack errors. Thus,
it appears that the statistical range of standard deviations for initial attitude

angle and rate used for S-IB/S-IVB separation are conservative.



